We study the non-equilibrium dynamics in a mesoscopic graphene ring excited by picoseconds shaped electromagnetic pulses. We predict an ultrafast buildup of charge polarization, currents and orbital magnetization. Applying the light pulses identified here, non-equilibrium valley currents are generated in a graphene ring threaded by a stationary magnetic flux. We predict a finite graphene ring magnetization even for a vanishing charge current; the magnetization emerges due to the lightinduced difference of the valley populations. Introduction.-Since the recent fabrication of graphene, a monolayer of carbon, a number of fascinating phenomena have been uncovered, mostly owing to the quasirelativistic behavior of the carriers and their high mobility [1, 2, 3, 4, 5] . Two σ-bonded interpenetrating triangular sublattices, A and B, build the graphene honeycomb lattice. The π and π * bands govern the electronic properties near the neutrality point and result in conical valleys touching at the high symmetry points K and K ′ of the Brillouin zone (BZ). Near K and K ′ the energy dispersion is linear and the electronic properties are well described by the effective Dirac-Weyl Hamiltonian H 0 [2, 3, 4] [30]. The stationary states are degenerate in the spin S and the valley quantum numbers τ = ±1. The latter correspond to the two non-equivalent K-points in BZ. Due to the suppressed intervalley scattering the control of τ eigenstates may be utilized for novel electronic [6, 7] and optoelectronic applications [8] . New physical effects emerge due to confinement. E.g., in a mesoscopic graphene rings pierced by a magnetic flux, the ring confinement breaks the valley degeneracy and results in the persistent current [9] . Experimentally, such graphene rings were fabricated and the Aharonov-Bohm effect was observed [10] .
While a large body of work has been devoted to various equilibrium electronic and optical properties, the non-equilibrium time-dependent phenomena in graphene are much less explored [11, 12] . The present paper presents the first study on the non-equilibrium dynamics in graphene rings driven by asymmetric monocycle electromagnetic pulses. Charge polarization and current carrying states build up within picoseconds and are tunable by the parameters of the driving field. The states may become valley polarized resulting in a non-equilibrium valley currents. The valley population together with the charge current determine the magnetization of the ring.
Stationary states.-We consider a graphene ring [9] of radius r 0 and width W (cf. Fig.2(a) ) threaded by a magnetic flux of a strength Φ. As in [9, 13, 14] , the Dirac electrons are confined to the ring by the potential τ V (r)σ z at the boundaries, as resulting e.g. from a substrate potential [15, 16] . The polar-coordinates ring hamiltonian is [29] 
where σ r = σ · e r and σ φ = σ · e φ with e r and e φ being the basis vectors of the polar coordinate system and σ z is the Pauli matrix expressed in the pseudospin states of the two sublattices. v = 10 6 m/s is the Fermi velocity andΦ = Φ/Φ 0 , where Φ 0 is the flux quantum. The eigenstates of H and J z (the z component of the total angular momentum with eigenvalues m) are
where m = ± , and V (r) → +∞ outside the ring [9] we find ψ = ±τ σ φ ψ at r = r 0 ± W 2 . With this Eq. (2) can be solved numerically or for W/r 0 ≪ 1 analytically [9] yielding the spectrum
. 
wherer ′ = r − r 0 + W 2 /W ∈ (0, 1). For applications involving tunneling from the ring it is important to inspect the case of a finite barrier boundary, i.e. V = V 0 for r outside of the ring. To a first order of γ ≡ v W V ≪ 1 we find that Eq. (4) applies with ε n being replaced by (1 − γ)ε n and λ n by (1 + γ)λ n . For W = 0.1 µm the condition γ ≪ 1 means V ≫ 7 meV. Hence, our theory developed below is valid also for a finite barrier graphene ring. In a particular example of the boron nitride substrate we have V = 53 meV [17] and therefore γ = 0.13. Having specified the stationary single-particle states we proceed with the non-equilibrium calculations [31] .
Pulse-induced polarization.-To drive the nonequilibrium states in graphene rings we utilize asymmetric monocycle pulses, so-called half-cycle pulses (HCPs) [18, 19] . For pulse duration τ p shorter than the carriers characteristic time scale [32] the impulsive approximation (IA) applies, meaning that the time-dependent carrier wavefunction Ψ(r, ϕ; t) propagates stroboscopically as [20] Ψ(r, ϕ, t
where t − and t + refer to times before and after the application of the pulse and α is the action delivered to a ring carrier of charge e by the HCP electric field F (t). The pulse triggers a time-dependent carrier density distribution which depends on τ = ±1, i.e. it is different for the two valleys. As a physical consequence, a timedependent charge dipole moment is created in the ring. For the post-pulse dipole moment µ τ0 m0 (t) associated with a carrier starting from the stationary state τ = τ 0 and m = m 0 we find [33] 
where find respectively
Both expressions apply forΦ
is determined from the periodicity inΦ τ eff with a period 1. The total dipole moment µ(t) depends on the distribution of the carriers between the valleys that in turn depends on the magnetic fluxΦ. The spin degeneracy is also important. One can show that jumps in the population of particular states take place only at the pointsΦ = − The dynamics of the dipole moment for N = 8 carriers is shown in Fig. 1 as a function of the applied stationary magnetic flux for two different excitation strengths α = 1 and α = 5, showing that the ring electric dipole and hence the associated light emission are controllable by Φ and α. For r 0 = 1 µm and HCPs with a sine-square shape and a time duration of 0.5 ps, α = 1 corresponds to the peak value of electric field F = 26 V/cm. Note, the boundary conditions break the effective timereversal symmetry [9] making the states corresponding to different τ but otherwise to the same quantum numbers non-degenerate. The dynamics of the charge polarization for confined carriers is however the same in both τ valleys for Φ = 0. This follows from the invariance of the states under τ → −τ , and m → −m atΦ = 0, as evidenced by Eqs. (9) . This degeneracy is lifted by applying a stationary magnetic fluxΦ = 0. The density distribution of carriers in the ring becomes valley-polarized. Non-equilibrium charge and valley currents.-The electric current density j = evψ † σψ has the φ-component of the current density
The total charge current is I = j φ dr. To a zero order in W/r 0 ≪ 1 we find I = 0. Only higher order corrections in W/r 0 give rise to a non-vanishing ring current. For the eigenstate specified by s, τ, n, m the lowest order correction [9] to the current follows from I sτ nm = −∂E sτ nm /∂Φ using the energy spectrum in the considered limit [34] . For n = 0, s = 1 this current is equal to I . For a ring with r 0 = 1 µm and W = 100 nm we obtain I 0 = 0.16 nA, if r 0 = 425 nm and W = 150 nm as in Ref. 10 we find I 0 = 1 nA. In both cases IA is valid if τ p ≪ 3 ps. Such HCPs are experimentally available [18] . The total current in the ring I is the sum of an equilibrium (persistent) current I eq and a non-equilibrium time-dependent current part I neq (t) generated in the ring: I = I eq + I neq (t). The equilibrium part is given by I eq = mτ f τ mτ I τ m . For T = 0 it is given in Ref. 9 for N = 1, 2, 3, 4. We derive it for any N in n = 0.
A non-equilibrium ring current is generated by a sequence of two time-delayed mutually perpendicular HCPs (see Fig. 2(a) ), similarly to the pulse-current generation in semiconductor rings [21, 22, 23, 24] . This scheme allows for shorter excitation times compared to the resonant excitation schemes using circular polarized pulses [24, 25, 26, 27] . At t = 0 we apply linearly polarized (along the x-axis) pulse that creates a time-dependent charge polarization along the x-axis (cf. Fig. 1 ). The second pulse is linearly polarized along the y-axis and is applied at t = t y . It generates a non-equilibrium current depending on the charge polarization created by the first HCP. The delay time should be short enough so that relaxation processes are negligible in between the pulses. In the IA The generated non-equilibrium current reads
where α y is the excitation strength of the second HCP and µ x (t y ) is the dipole moment created by the first HCP just before the application of the second HCP. Equation (11) delivers the total current as well as the individual currents in each of the two valleys, in which case µ x (t y ) should be associated with the charge carriers in the respective valley. Defining the valley current as the difference between the currents flowing in two opposite valleys divided by the particle charge we find for the generated valley current
On a longer time scale set by the relaxation processes the non-equilibrium current decays due to dissipation. Thereby the incoherent electron-phonon scattering plays usually the most important role [23, 24] . Specifically for a free-standing graphene, scattering by flexural phonons is dominant at low temperatures [28] . An example of the dependence of the generated total charge current on the delay time t y is depicted in the upper panel of Fig. 2(b) . The oscillating character of this dependence is determined by the dynamics of the dipole moment generated by the first HCP. The lower panel of Fig. 2(b) demonstrates the dependence of the generated valley current on the delay time t y . This current arises as a consequence of the different contributions to the total dipole moment from the two different valleys in presence of a static magnetic flux (here we usedΦ = 1/π) at the time moment t = t y . Comparing the upper and the lower panels we conclude that tuning the pulses delay may result in a vanishing total generated current I neq while the generated valley current I In the strong excitation regime the nonlinear oscillations of the dipole moment collapse [23] shortly after the excitation (cf. Figs. 1(a) and (b) in the range t/t 0 ∈ [0, 2]). For a further increase of the currents under these conditions α y should be increased.
The ring charge current is associated with a magnetic dipole moment via M = 1 2 r × j d 2 r, i.e. M = π j φ r 2 dr. From Eqs. (10), (5) and (6) we infer for the non-vanishing lowest order of W/r 0 M = πr
where
sn is the difference in the valley population for fixed s and n. For a vanishing total current in the ring and s = 1, n = 0, Eq. (13) simplifies to M = 4Qπr 2 0 I 0 . Note, the valley polarized magnetic moment is also a generic feature of the monolayer graphene with a broken inversion symmetry (e.g. due to the action of the substrate potential) [7] . The difference in the valley population in Eq. (13) arises in equilibrium for certain ranges of Φ = 0. It can be also generated e.g. by injection of external non-equilibrium carriers to the graphene t0 indicates the delay time for which a valley current with no total charge current is generated whereas for a delay time ty = π 2r 0 t0 a total charge current with equal contributions from both valleys is generated.
ring, opening thus a new way for an ultrafast detection of the valley number. Finally, we note our results are valid for weak pulses in which case a small angular population around the ground state is created and many-body effects remain subsidiary. Strong excitations go beyond the present model and the influence of many-body interactions may decisively alter the above predictions. Conclusion.-Short linearly polarized asymmetric light pulses trigger a non-equilibrium carrier dynamics in graphene rings threaded by a magnetic flux. The induced charge polarization is detectable by monitoring the emitted radiation. Delayed pulses with different polarization axes drive non-equilibrium charge currents and hence an orbital magnetization. For appropriate pulses, equal contributions from both valleys is achievable as well as pure valley currents. The ring magnetization depends on the difference in the valley population. The predicted effect is operational in presence of tunneling allowing thus for swift injection or detection (via ring magnetization) of valley currents in coupled graphene structures, e.g. wires, offering new realization of ultrafast valleytronics devices.
